In this paper the SOFC-GT-Kalina (solid oxide fuel cell, gas turbine, and Kalina cycle) integrated system is proposed. The system uses Kalina cycle as the bottoming cycle to recovery the waste heat from the gas turbine to generate power. Kalina cycle uses ammonia-water mixture as the work fluid which has sliding-temperature boiling characteristics. By comparing with the SOFC-GT-ST (solid oxide fuel cell, gas turbine, and steam turbine cycle) system as the reference system, the systems are simulated by Aspen Plus through analyzing the overall system performance. Electrical and exergy efficiency of the proposed system are 74.41% and 71.93%, and electrical and exergy efficiency of the reference system are 71.45% and 69.07%, proving the superiority of Kalina cycle for waste heat recovery. In addition, the exergy losses of each component are studied, and the detail performance analysis of the proposed system is presented, consisting of thermal analysis, exergy analysis and EUD (Energy-utilization diagram) analysis, which intuitively disclosed the causes of exergy loss. Additionally, it was revealed that there exists an optimal current density at 350 mA/cm 2 for power and power density.
Introduction
Now, distributed power systems are more and more popular, because it can reduce losses during transmission and distribution of power; in addition, it can flexibly adjust to user demand change. As a kind of modular power generation device, SOFC is suitable for distributed power generation. SOFC has a lot of ad-vantages, for example it can directly convert chemical energy of fuel into electricity with little pollution, which is different from the traditional power generation mode being limited by Carnot cycle efficiency. In addition, because of its high operating temperature, its high-temperature exhaust gas (about 650˚C -1000˚C) can be used to drive combined cycle [1] [2] [3] . Hybrid power generation system can make full use of exhaust gas and improve the total energy utilization. In recent years, along with the technical progress of SOFC, integrated cycle driven by SOFC also gets rapid development.
The concept of SOFC-GT integrated system has been proposed for many years. Ali Volkan Akkaya etc. [4] proposed a SOFC-GT CHP system and used HRSG for waste heat recovery; exergy analysis is carried out based on the developed model to analyze the system performance. Andrew S. etc. adopted a FORTRAN-based dynamic simulation model of an SOFC-GT system to analyze the system performance [5] , and then made comparative analysis of SOFC-GT freight locomotive fueled by natural gas and diesel with inboard reformation. The results proved that SOFC-GT system can provide a 54% savings in CO 2 for operation on natural gas. The authors [6] proposed three different SOFC hybrid power systems with zero-CO 2 emission. Paper [7] presented a full and partial load exergy analysis of a hybrid SOFC-GT power plant, and paid special attention to calculate the SOFC over-potentials. The study also showed energy and exergy flows through all its components and thermodynamic properties at each key-point. Ehsan Baniasadi [8] proposed an integrated heat and power (CHP) system for vehicular applications and used ammonia fuel in SOFC to produce hydrogen and nitrogen at the anode. The performance of the portable SOFC system was studied in a wide range of the cell's average current density and fuel utilization ratio. Its exergy efficiency is calculated to be 60% -90% as a function of current density, whereas energy efficiency varies between 60% and 40% respectively. The paper [9] proposed an integrated gasification and SOFC system with a GT and ST to use heat recovery of the GT exhaust. The study [10] presented the integration of direct ammonia SOFC with a GT in a combined CCHP cycle system. The results revealed that the SOFC-H integrated system can offer better performance than that with the SOFC-O option. The study [11] provided the energy and exergy performance analysis of a SOFC-GT-ST combined cycle power plant; this study also used additional fuel burning in the combustion chamber to increase net power of GT and ST. The results showed additional fuel can improve GT and ST power, but reduce the overall system efficiency. The paper [12] presented exergy analysis of a hybrid SOFC-GT system in comparison with retrofitted system with steam injection. GT exhaust gas was used to generate steam, and then injects team into ST. Results showed that this way can bring 17.87% and 12.31% increase of exergy output and the thermal efficiency, and the exergy and thermal efficiency of the integrated cycle can get as high as 57.9% -60.6% respectively at the optimum compression ratio [13] . The study used SOFC-GT to drive Stirling engine to provide heat and power, and the results showed that it can deliver electricity at a cost that is competitive with the [14] . Through system integration, many researchers constantly put forward various efficient thermal cycles and carry out related research. A novel integrated system [15] , including solid oxide fuel cell (SOFC), steam cycle with liquefied natural gas (LNG) vaporization and so on, is configured and analyzed showing that SOFC operating parameter shave a significant effect on the overall process performance. The integration of SOFC with intercooled gasturbine cycle is reported [16] , and its performance has been optimized by entropy generation minimization considering other factors such as recirculation ratio, mass of fuel and TIT (turbine inlet temperature). By introducing (retrofitting) solid oxide fuel cells (SOFCs) and CO 2 capture in existing IGCC power plants utilizing high percentage(up to 70%) biomass co-gasification [17] was proposed and various thermodynamic aspects have been studied to retrofit SOFCs in IGCC systems. From the former studies we know these cycles can use the exhaust heat to a certain degree, but not perfect. This is due to that at the evaporation process, evaporation temperature of pure working fluid is constant, while the temperature of the heat source is a variable, temperature match is not good which can lead great irreversible loss. Kalina cycle is put forward to improve Rankine cycle; it can be used as bottom cycle to recover the waste heat from the gas turbine to generate power. Kalina cycle uses ammonia-water mixture as the working fluid which has sliding-temperature boiling characteristics. On the other hand, due to the boiling point of ammonia is much lower than water, it can be easily gasified at low temperature [18] [19] [20] , so Kalina cycle has obvious advantage when using low temperature waste heat, which has been used as bottom cycle in many studies, such as solar energy, GT-Modular Helium Reactor, internal combustion engine, coal fired steam power plant, geothermal energy and so on. The study [21] investigated a Kalina cycle using low-temperature heat sources to produce power. The heat source is provided from flat solar collectors. For given conditions, there exists an optimum range of vapor mass fractions and operating pressures. The study [22] used the solar-boosted system with an auxiliary super heater to drive Kalina cycle and analyzed its performance. Paper [23] employed organic Rankine cycle (ORC) and Kalina cycle for heat recovery from the GT-Modular Helium Reactor and made comparison of the performances. Although the simple configuration of ORC can be accounted as its advantage, the KC may have better performance from the second law perspective [24] . KC and ORC cycle was conducted in order to analyze energy saving of the sensible exhaust waste heat recovery under various internal combustion engine (ICE) working conditions [25] . The extremely high turbine expansion ratio requires a complex multi-stage turbine design and large turbine dimensions for the bottoming transitional ORC using Alkanes-based working fluid [26] . Studies [27] on technology and economy analysis of the KC by Lv reveal the essence and direction of improvement. Zhang [28] analyzed the influence of key parameters on the performance of KC. The paper [29] provided a computer simulation of KC coupled with a coal fired steam power plant, and also studied the effect of main parameters such as am-DOI: 10.4236/epe.2018.102004 46 Energy and Power Engineering monia mass fraction, AT inlet pressure on the system performance. The paper [30] made energy and exergy analysis and parameter design optimization of the KCS-11 solar system with an auxiliary super heater. The power generated by each major equipment and the main system exergy losses are calculated in this paper. The study [31] used KCS-34 to generate electricity from geothermal resources with low and medium enthalpy, and adopted life-cycle-cost concepts to study the system, taking Kalina system efficiency and economy into account as the objective functions, a multi-objective optimization design is conducted. The results showed that there was an optimum ammonia concentration which matched with each optimal performance. However, Kalina cycle also has some disadvantages, Dipippo [32] considered that the difference in efficiency between the Kalina circulatory system and the ORC circulatory system is 3%, but the structure of Kalina cycle is more complicated. Bombarda [33] compares the thermodynamic properties of the Kalina and ORC cycle, argues that the stresses in the Kalina circulatory system are too high and not conducive to the stability of the system. Fu [34] believes that ORC and Kalina cycle have their own suitable heat source temperature range, and the high efficiency of the Kalina loop system is at the cost of high pressure.
As can be seen, in Kalina cycle temperature match can be improved, which can improve the heat exchange process. Previous studies have combined the first law of thermodynamics, the second law of thermodynamics, parameter optimization, system economics analysis, artificial neural network analysis, EES engineering equation solver, genetic algorithm, etc., having guiding significance for further study. But little research has been found to use Kalina cycle to recover SOFC-GT waste heat as well as do comprehensive performance analysis of the SOFC-GT-Kalina system. The objective of the study is to present a thermodynamic analysis of SOFC-GT-Kalina cycle based on the first and second law of thermodynamics, as well as the comparison with SOFC-GT-ST system, at the same time, using EUD analysis method to disclose the nature of exergy loss. In the reference system, RC uses water as working fluid, and produces high pressure (01) and high temperature steam (02) which can generate power in ST.
System Descriptions

The Process of the Combined Cycle
Basic Parameters and General Assumptions
The parameters and structural size involved in the process simulationis according to the tubular designed by Siemens-Westinghouse, as shown in Table 1 and We also need to make some assumptions for calculation as follows: 1) Considering the velocity of the fluid flow through the relevant components, heat losses from system to environment are negligible; 2) Temperature and pressure inside the battery are almost uniform, all the battery cells within the stack are in the same state; 3) Due to the high temperature and low pressure, the reaction gas can be regard as ideal compressible gas; 4) Because of good sealing, the mass loss of each component is ignored; 5) The dynamic performance of the system is not considered in this paper, all reactions are in equilibrium state, and SOFC works under steady-state operation; 6) The process is relatively short through the cell stack, the mass and pressure loss in it are negligible. These assumptions may have certain error effect on the absolute values of the calculation results, but do not affect the understanding of the system law.
The Mathematical Model
To evaluate the performance of the system, the first law and the second law method can be used. For the first law perspective, performance indicators mainly include: current density, voltage, power, electrical efficiency and power density. For the second law perspective, performance indicators mainly include: exergy losses and exergy efficiency. The formulas in this paper are based on the classical formulas in the literature [36] . 
The Current Density Model of SOFC
The current density model of SOFC can be defined as Equation (1): 
The Voltage Model of SOFC
where: ( ) ( ) 
where: 
where: In summary, the SOFC voltage can be obtained as the Equation (6) 
where: SOFC V -The SOFC voltage, V.
Thermal Performance Evaluation Index
When using the first law of thermodynamic to evaluate the combined system, we use SOFC power, SOFC electrical efficiency, electrical efficiency of the overall system, total power etc. as the evaluation indexes.
Since the electrochemical reaction occurs in the cell stack, and the whole system is assumed to be adiabatic, therefore the total power generation of the fuel cell can be shown as the Equation (7):
SOFC electrical efficiency can be defined as Equation (8):
where: 0.92-DC/AC conversion efficiency; LHV f -Low heat value of fuel, kJ/kg.
The electrical efficiency of proposed and reference system can be defined as Equation (9) and (10):
Exergy Analysis Evaluation Index
With doing the second law of thermodynamics analysis, exergy efficiency and exergy loss is always used to evaluate the thermodynamic perfection degree of devices. For the total system, as Equation (11):
where: E in -Input exergy, E out -Output exergy, W i -Power, I-System exergy loss.
Exergy efficiency and exergy loss for compressor, turbine, heat exchanger and SOFC are shown as Equations (12)- (15): 
Results and Analysis
Performance Analysis of Specific Condition
In this paper, we use Aspen Plus for simulation, and select more reasonable basic Table 3 . For comparing the two systems, firstly we need to specify the external heat source and cooling water conditions which are exactly the same. When keeping former SOFC-GT under the same operating conditions, make comparison between the performances of the two systems, in order to verify Kalina superiority. Table 4 is performance indexes comparison between proposed system and reference system, it can be seen from the results that using Kalina cycle to recovery waste heat can obvious improve the thermodynamic properties than Rankine cycle. The total electrical efficiency is 2.96% higher and the total exergy efficiency is 2.86% higher, indicating Kalina cycle performance has been significantly improved. Figure 3 shows the exergy destruction of each components. As can be seen from the figure, the largest exergy destruction occurs in the SOFC being 343.74 kW, accounting for 42.78% of all energy losses. Then follow by the after-burner Energy loss of heat exchanger also have great controllability, selecting an appropriate heat exchanger temperature difference can reduce its exergy loss; To take full advantage of exhaust heat in the exhaust gas, when ensuring the temperature above the dew point, we can use it to a situation temperature as low as possible, thus reducing the exergy taken away by exhaust gas. By energy analysis we can find out the weaknesses in the system energy use, system performance can be optimized by improving the performance of SOFC, optimizing heat exchanger arrangement, minimizing the temperature difference. We can also see from Figure 4 (a) that the largest exergy destruction occurs in SOFC, then after-burner, ammonia gas generator and GT, and the ammonia flow in Kalina cycle is very small, the pump power and pump exergy destruction is small and can be ignored; As the compressor pressure ratio increases, the exergy destruction of ammonia generator decreases, this is due to as the pressure ratio increases, the temperature of GT exhaust gas decreases, temperature difference is smaller; AT exergy destruction decreases as pressure ratio increasing, but more and more slower. Figure 6 shows the influence of current density on system performance. As can be seen, with the increase of current density, SOFC voltage and efficiency both reduce, the AC power and power density both increase and reach a peak at 350 mA/cm 2 and then decrease. SOFC efficiency decreases mainly because of power increasing (AC and FC) and energy input caused by increasing fuel and air flow rate. We generally expect to make SOFC run at the left of peak, at the same time trade-off between power, efficiency, voltage. There exists an optimal current density at 350 mA/cm Figure 7 is the influence of air flow on system performance when the air-fuel ratio remains constant. As can be seen from the figure, with the increase of air flow, compressors power consumption increase. SOFC power and SOFC-GT combined cycle power increase slowly at first with air flow, but when the air flow is larger than 180 kmol/h, the power remained almost flat. SOFC efficiency tends to increase within the range of air flow 120 -200 kmol/h, but the trend is more and more slowly. So the air flow is not the bigger the better when the air-fuel ratio remains constant. As can be seen from Figure 8 (a), when ammonia concentration keeps constant, the exergy destruction of ammonia generator decreases with the turbine inlet pressure increasing, this is due to as a heat exchanger, higher pressure can bring more benefit for its performance; As can be seen from Figure 8(b) , when the ammonia concentration keeps constant, the exergy destruction of AT increases with the turbine inlet pressure increasing, but the trend is more and more slow, this is due to the increasing pressure can lead to an increasing of enthalpy drop between import and export of AT; can also see that keeping turbine inlet pressure constant, AT energy destruction increases with the increasing of ammonia concentration, and the larger the turbine inlet pressure is, the influence is more obvious. 
F C A C F u e l m ix e r S O F C D C -A C c o n v e r te r A f te r b u r n e r G T A m m o n ia g e n e r a to r S T F la s h e r E x h a u s t
Influence of Compressor Pressure Ratio on the Integrated System
Influence of Current Density on the Integrated System
Influence of Air Mass Flow on the Integrated System
Influence of ST Inlet Pressure and Ammonia Concentration on the System
Influence of Condensation Temperature on the System
In the Kalina cycle when the cooling tower is used as cold source, condensation temperature is greatly affected by ambient temperature. So it's necessary to study the impact of condensation temperature on system performance. concentrations ammonia at condensing pressure is required in order to guide us to determine the condensed water temperature, as shown in Figure 9 . Figure 10(a) shows the impact of condensation temperature on the AT outlet pressure. As can be seen from the figure, when the ammonia concentration is constant, the AT outlet pressure increases with increasing of condensation temperature. When keeping the condensation temperature constant, the AT outlet pressure increases with increasing of ammonia concentration. Also can be seen, the relationship between the outlet pressure and condensation temperature is non-linear, and higher condensation temperature leads to greater pressure difference. We can see, when the condensation temperature is 5˚C, the pressure difference is 1.4 atm, when the condensation temperature is 30˚C, the pressure difference is 3.5 atm.
Influence of Condensation Temperature on the AT Outlet Pressure and Kalina Thermal Efficiency
Figure 10(b) shows the impact of condensation temperature on Kalina efficiency. As can be seen from the figure, Kalina efficiency reduces with the increasing of condensation temperature. This is due to condensation temperature increasing leads to the turbine outlet pressure increase, when turbine inlet pressure keeps constant, its pressure difference decreases, this can further lead to turbine power reduction, reducing efficiency. When the condensation temperature is constant, Kalina efficiency decreases with increasing of ammonia concentration, this is because the higher concentration leads to a greater turbine outlet pressure.
EUD Analysis of the System
In order to reveal the internal phenomena of the main processes of the proposed system, EUD method which was proposed by Ishida, was adopted in this study. When doing EUD analysis for a thermodynamic process, there exists two processes respectively called "energy donor" and "energy acceptor". The x-coordinate in the EUD diagram is energy change, and the y-coordinate is energy level A, which is a dimensionless criteria, the ratio of the exergy change ΔE and energy change ΔH in the thermal process. The area between Aed and Aea curves represents the exergy destruction in the energy transfer process. Figure 11 (a) and Figure 11 (b) illustrate the exergy-utilization diagram (EUD) of heat exchange processes of the proposed system and the reference system respectively. GT exhaust gas is used in two stages, at first stage is used to reheat compressed air, second is used to drive Kalina and Rankine cycle.
EUD of Heat Exchange Processes
As can be seen from the horizontal of Figure 11 Figure 12 illustrates the energy-utilization diagram or the power blocks in the proposed system. In the power process, GT and AT act as "energy donor", FC and AC act as "energy acceptor". The power output of the AC、FC、GT and AT are indicated by the widths of A ea,AC A ea,FC A ed,GT and A ed,AT , respectively. As can 
EUD of Power Blocks
Conclusions
The SOFC-GT-Kalina integrated system is put forward in this paper. By energetic and exergetic performance analysis, the following conclusions can be drawn: 2) The largest exergy destruction occurs in the SOFC, followed by the after-burner, ammonia steam generator and GT. By using Kalina cycle for fully using of waste heat, the exergy destruction of exhaust gas is small.
3) There exists an optimal SOFC current density at 350 mA/cm 2 . Within a certain range by increasing compression ratio, air flow is conducive to system performance.
4) When other conditions remain unchanged, increasing the ammonia flow can increase the exergy destruction of ammonia generator; it has little effect on ammonia steam turbine exergy destruction.
5) With the increase of ammonia concentration, the condensation temperature should be decreased in order to achieve higher thermal efficiency. In addition, when the AT inlet pressure keeps constant, the thermal efficiency decrease with the condensation temperature. Energy and Power Engineering 
